The determination of hydrogen peroxide is of great importance, ascribable to both the fact that it is a product of reactions catalyzed by a large number of oxidase enzymes, and that it is essential in food, pharmaceutical, environmental, and clinical analyses. 1,2 Many analytical methods have been reported for such measurements, including electroanalytical techniques, 3-5 spectrophotometry, 6,7 chemiluminescence, 8,9 and fluorometry.
Introduction
The determination of hydrogen peroxide is of great importance, ascribable to both the fact that it is a product of reactions catalyzed by a large number of oxidase enzymes, and that it is essential in food, pharmaceutical, environmental, and clinical analyses. 1, 2 Many analytical methods have been reported for such measurements, including electroanalytical techniques, [3] [4] [5] spectrophotometry, 6, 7 chemiluminescence, 8, 9 and fluorometry. [10] [11] [12] Among these methods, most are based on the enzyme (peroxidase and catalase) catalytic reaction. Enzymatic determinations of H2O2 have drawn increasing interest due to their unusual sensitivity, selectivity and simplicity. Horse radish peroxidase (HRP), in which the heme iron acts as the activity center, is the most commonly used enzyme in H2O2 detection. However, the instability and high cost of the natural enzyme has stimulated people to search for alternatives. So far, peroxidase mimics that had been applied to the determination of H2O2 have been based on two kinds of substances: one is small bio-molecules from bovine blood, such as hemin and hematin, 10, 13, 14 and the other is the synthesized metal complexes, such as metal-porphyrin complexes, [15] [16] [17] metalphthalocyanines. 18, 19 However, simple, natural or synthetic metal-complexes do not show satisfactory activity and selectivity because they lack the spatial structure of the natural enzyme, which is essential for the special inclusion behavior between the enzyme and the substrate.
Hemoglobin (Hb), a necessary vehicle for oxygen carriage, has the natural quaternary structure. It contains four subunits of polypeptide, and each polypeptide chain contains a heme group that serves as the active center. Thus Hb can be a mimetic enzyme of HRP, 7, 20 and the catalytic activity of Hb is much higher than hemin, β-CD-hemin and some metalloporphyrins because Hb has the natural quaternary structure. 7, 20 Furthermore, Hb is very stable, and it is worth to mentioning that the price of Hb is 500-times less than that of HRP. There is little doubt that Hb can be effectively substituted for HRP for H2O2 determination. However, to the best of our knowledge, the application of Hb as mimetic peroxidase to a fluorescence analysis of H2O2 has not yet been reported. In this paper, a novel fluorometry for hydrogen peroxide determination is presented, in which hemoglobin (Hb) was used as mimetic enzyme of peroxidase for fluorogenic reaction between an inexpensive substrate thiamine and H2O2. Under the catalysis of Hb, thiamin was oxidized by H2O2 to a fluorescent product, thiochrome, which exhibited strong fluorescence at 440 nm with an excitation wavelength of 370 nm. The obtained result demonstrates that Hb is a promising peroxidase mimic. The applicability of the catalytic reaction was adopted to the determination of H2O2 in rainwater. Satisfactory results were obtained.
Experimental

Reagents
Hb (bovine) solutions were prepared by dissolving a certain amount of Hb (Sino-American Biotechnology Co., China) in water and stored in refrigerator (4˚C). A working Hb solution was prepared daily by diluting the stock solution.
A thiamine stock solution (10 mM) was prepared by dissolving 337 mg of thiamine hydrochloride (Shanghai Reagent Co., China) in 100 ml of water. Refrigerated at 4˚C, this solution was stable for at least one month. A working solution was prepared daily by diluting the stock solution.
An H2O2 stock solution was prepared by appropriate dilution of the 30% solution with water (standardized by titration with KMnO4).
An K2HPO4-NaOH buffer solution (pH 12.0) was prepared by adjusting 50 mM K2HPO4 to pH 12.0 with 1 M NaOH.
All of the reagents were of analytical grade; deionized water was used for preparing the solution.
Apparatus
All fluorescence measurements were made with a 970-CRT Spectrofluorometer (Shanghai Analytical Instrument Plant, China), which has a xenon discharge excitation source. The pH was measured using a Model pH-3C digital pH meter (Shanghai, China).
Procedure
To a 25 volumetric tube, a 2.5 ml volume of 5.0 × 10 -6 M Hb solution, a 2.5 ml 1.0 × 10 -2 M solution of thiamine and various volumes of H2O2 working solutions were added. The mixture was quickly adjusted with phosphate buffer (50 mM K2HPO4 adjusted to pH 12.0 with 1 M NaOH) to a fixed volume (25 ml was chosen for the reaction volume in our experiments), and allowed to stand at room temperature for 20 min. The instrument excitation and emission slits were set at 10 nm. The relative fluorescence intensity of the solution was measured at 440 nm with an excitation wavelength of 370 nm.
Results and Discussion
Spectral characteristics
Thiamine is a non-fluorescent substrate, but thiochrome, the oxidation product of the thiamine with H2O2, strongly fluorescet, showing an excitation maximum at 370 nm and a fluorescence emission maximum at 440 nm. As Fig. 1 shows, the fluorescence spectra of the thiamine-H2O2-Hb system are similar in shape to that of the thiamine-H2O2 system, but the fluorescence intensity of the former system is greatly enhanced due to the catalysis of Hb.
Choice of buffer and pH
The kind of buffer solution and pH of the buffer solution affected the fluorescence intensity. 10, 12 Buffering systems based on carbonate, ammonia, and phosphate were tested in this fluorescence system. Figure 2 shows that the three buffering systems offer a similar fluorescence intensity of the product. However, an ammonia medium produced a higher blank background, and the sensitivity was the lowest with carbonate. The fluorescence intensity was different in different buffer solutions at the same pH probably due to the ionic strength. It was also found that the fluorescence signal was more stable with phosphate buffer. The pH dependence of the fluorescence signal was also investigated (Fig. 2) . In our work, a phosphate buffer of pH 12 was used.
Reaction time and temperature
The influence of the reaction time on the final fluorescence intensity was investigated. The result indicated that the fluorescence intensity was maximal and constant after 20 min. It was thus recommended to wait until equilibrium has been established.
The investigation also showed that the fluorescence intensity of the reaction product was constant for at least 12 h and only a slight decrease (10%) occurred after 24 h.
The catalytic reaction also depended on the reaction temperature. The difference in the final fluorescence intensity was not so large over 15 -30˚C. For operational convenience, room temperature (20˚C) was chosen as the operational temperature for all subsequent experiments.
Effect of the Hb concentration
In this system, Hb was used as a catalyst; the concentration of Hb was expected to affect the fluorescence intensity. The experiment showed that the fluorescence intensity of the thiamine-H2O2-Hb system increased with increasing Hb concentration in the range 0 -5.0 × 10 -7 mol/l; however, above a concentration of 5.0 × 10 -7 mol/l, the fluorescence intensity declined, probably because the higher concentration of the Hb solution resulted in a deeper color, which could absorb the fluorescence. Furthermore, the blank also increased slowly with increasing Hb concentration. Therefore, 5.0 × 10 -7 mol/l Hb was recommended in our experiment.
Optimum concentration of the substrate
For the HRP (or hematin)-H2O2 system, thiamine is an excellent fluorometric substrate because it is easy to obtain and is very stable. 10, 21, 22 In this system, thiamine was chosen as a fluorometric substrate.
The result indicated that the fluorescence signal increased with increasing thiamine concentration up to 1.0 × 10 -3 mol/l, and then decreasing thereafter. Hence, a thiamine concentration of 1.0 × 10 -3 mol/l was adopted.
Interference of foreign substances
To evaluate the selectivity of the method, the influences of foreign species were investigated by analyzing a standard solution of 1.0 × 10 -6 mol/l H2O2 to which increasing amounts of foreign species were added. The tolerable limit of a foreign species was taken as a relative error not greater than 5%. The tolerated ratio of foreign substances to 1.0 × 10 -6 mol/l was over 10000 for Na + , K + , Cl -, HPO4 2-, NO3 -and SO4 2-, 1000 for CO3 2-, Ca 2+ , Mg 2+ and bovine serum albumin (BSA), 500 for C2O2 2-and uric acid, 100 for glucose, urea, lactate, EDTA and ascorbic acid, 10 for Fe 3+ , Cu 2+ , Co 2+ , and Mn 2+ . However, the interference of the metal ions coexisting in the sample solution could be effectively eliminated by adding EDTA as a masking reagent
Performance of the system for an H2O2 measurement
Under the optimum conditions described above, the calibration graph of the fluorescence intensity (F) versus the H2O2 concentration (C) was linear in the range of 1.0 × 10 -7 -1450 ANALYTICAL SCIENCES DECEMBER 2001, VOL. 17 Fig. 1 Fluorescence spectra of this system: 1′, excitation spectra of H2O2-thiamine; 1, excitation of Hb-H2O2-thiamine; 2′, emission spectra of H2O2-thiamine; 2, emission spectra of Hb-H2O2-thiamine. mol/l H2O2 (n = 11). Comparisons of the performance of the proposed method with other methods for the determination of H2O2 are summarized in Table 1 . It can be seen that the Hbthiamine system shows a remarkable merits of having both advantages of a wide linear range and a low detection limit at the same time.
Application
The system was applied to the determination of the H2O2 concentration in rainwater samples collected on different days (Xi'an, China). An EDTA solution containing 1.0 × 10 -4 mol/l EDTA was used to reduce the interference caused by some metal ions and to increase the selectivity. In order to evaluate the validity of the proposed method for the determination of H2O2 in rainwater, recovery studies using the standard addition method were carried out on samples to which known amounts of H2O2 were added. The results are given in Table 2 .
